Few specific therapeutic targets exist to manage brain injury, despite the prevalence of stroke or traumatic brain injury. With traumatic brain injury, characteristic neuronal changes include axonal swelling and degeneration, and the loss of synapses, the sites of communication between neurons. This is followed by axonal sprouting and alterations in synaptic markers in recovery. The resulting changes in neuronal connectivity are likely to contribute to the effects of traumatic brain injury on cognitive functions and the underlying mechanisms may represent points of therapeutic intervention. In agreement, animal studies implicate adhesion and signaling molecules that organize synapses as molecular players in neuronal recovery. In this article, the authors focus on the role of cell surface interactions in the recovery after brain injury in humans and animals. The authors review cellular and synaptic alterations that occur with injury and how changes in cell adhesion, protein expression and modification may be involved in recovery. The changes in neuronal surface interactions as potential targets and their possible value for the development of therapeutics are also discussed. Keywords brain injury; cellular adhesion; dendritic spines; neuronal adhesion proteins; recovery; repair; synapse organizing proteins; synapses; traumatic brain injury Traumatic brain injury (TBI) is a devastating problem worldwide. Approximately 2 million head injuries occur each year in the USA, which lead to over 50,000 deaths and approximately 80,000 individuals who survive with severe and permanent neurological dysfunction [1] . Unlike other types of brain injury such as stroke, TBI affects individuals of a broad range of ages. The mainstay of management of acute TBI is regulation of blood pressure and intracranial pressure to avoid secondary injury; however, few specific therapeutic targets exist for improvement of outcomes, such as cognitive deficits or posttraumatic epileptic seizures [2]. Approximately 43% of patients with severe injury develop © Thomas Biederer
cognitive dysfunction, as measured at 6-months follow-up, lasting for years after injury [3, 4] . It is estimated that upwards of 40-50% of patients with severe injury develop posttraumatic seizures in as little as 1 week after injury with epilepsy lasting for years postinjury. Recent clinical trials show promise for potential therapeutics, including amantadine and progesterone [5, 6] . However, studies on new and more specific clinical targets resulting in other therapeutics to treat TBI are warranted [7] . The authors propose, based on evidence provided in the studies below, that possible targets for new specific therapeutics include neuronal surface molecules and their signaling pathways. In this review, the authors discuss neuronal adhesion proteins in brain injury, and whether they may be potential targets for treatment after brain trauma.
Neuronal & synaptic changes after brain injury
Depending on the type and severity of injury, the brain regions and cellular components that are affected have been described in humans and animal models [8, 9] . There can often be brain swelling, increased intracranial pressure and ischemic damage. After closed head injuries, such as concussion, diffuse brain injury can occur. Diffuse brain injury, as opposed to a focal injury, is widespread and often has no macroscopic findings on brain imaging. However, there is diffuse microscopic damage, such as axonal injury, in multiple regions of the brain. Regions affected by diffuse injury include the cerebral white matter, corpus callosum and the brainstem. In these regions axons are damaged in as little as 2-3 h after injury and damage to synapses, the sites of connections between neurons, can occur. Accumulation of microglia and glial cellular swelling is present within hours after injury, and astrocytosis occurs diffusely within days to weeks. In addition, within hours after injury neuronal cell death can be detected. With focal injury, where the initial insult occurs in a specific area, the brain regions that are subsequently affected include the cortex (i.e., the region of direct injury), the hippocampus and the thalamus (areas affected by secondary injury after TBI) ( Figure 1 ) [10] . Over time, there is cortical tissue loss at the site of injury. Over hours to days, axonal degeneration occurs, and neuronal cell bodies can appear shrunken and surrounded by swollen astrocytes. After 7 days, axonal sprouting occurs in areas of focal injury, indicating recovery after TBI [11] .
In addition to axonal injury, there are changes in synapses and dendrites that occur in neurons that survive the initial injury. Multiple studies have shown significant loss of synapses in the days after brain injury, including in the brain regions connected to the site of initial injury, such as the hippocampus [12] [13] [14] . Dendritic spines are the postsynaptic protrusions through which neurons receive most of their excitatory input. Gao et al. showed in a mouse model that 72 h after TBI, there are fewer dendritic synaptic spines in the hippocampus [12] . The reduction in synaptic spine density after TBI reflects a loss of synapses. In addition, dendritic arbor complexity decreases. These results agree with earlier studies using various models of brain injury in rats, which demonstrated loss of synapses in the cortex and hippocampus after focal brain injury [13, 14] . In addition to axonal and synaptic damage, there are changes in mitochondrial morphology, which indicate changes in cellular energy metabolism. Further discussion of these changes are reviewed elsewhere [15] . After brain injury, neuronal plasticity mechanisms required for recovery are only beginning to be understood. Post-traumatic plasticity involves aspects of neurogenesis, angiogenesis, axonal sprouting and synaptic formation and remodeling. Scheff et al. and Semchenko et al. both showed that synapse number after TBI begins to recover at approximately 10-14 days postinjury, and is nearly completely recovered at 1-month postinjury [13, 14] . Regulation of synaptic proteins is most likely involved in postinjury functional adaptation of neurons through improvement of the efficacy of neurotransmitter release from remaining presynaptic nerve terminals or structural remodeling in terms of new and increased numbers of synaptic terminals [16, 17] . Cell adhesion molecules instruct these cellular processes, and are potential targets involving post-traumatic plasticity [16] [17] [18] . They comprise a number of select proteins that are present on neuronal processes and synapses. They participate in cellcell and cell-matrix interactions and can guide the development and structural maintenance of neurites and synapses [19, 20] . However, the specific roles of individual cell adhesion molecules in recovery after brain injury are unknown.
By contrast, roles of synaptic adhesion in neuronal development are increasingly understood. These studies have shown that select adhesion molecules span the synaptic cleft of developing and mature synapses, creating an interaction and signaling network between the pre-and post-synaptic membranes of neighboring neurons. These cell surface interactions are critical for proper neuronal communication by organizing developing and mature synapses [20, 21] . Appropriate synapse formation is required for the integrated function of the CNS and aberrant dendritic spine formation is associated with cognitive dysfunction and the development of seizures [22, 23] . For these reasons, cell adhesion molecules are a promising group of proteins to examine for roles in neuronal recovery after brain injury.
Models of injury

Rodent models of injury & relevance to the human condition
It is critical to understand the need for and basis of experimental injury that models the human condition in order to target potential therapeutics for TBI. The element of TBI in humans that greatly hinders the development of effective therapeutic targets is the enormous heterogeneity of injuries on a macroscopic scale [24] . Animal models of mild, moderate and severe TBI can provide the basis to further understand the cellular and molecular mechanisms of brain injury. The animal models, which are used to replicate human TBI, control for type and severity of injury, age and sex of animals, recovery period and homogeneity of genetic background. While the findings from one animal model cannot be applicable for all types of injuries, animal models will continue to be the cornerstone for discovery and testing of therapeutic targets in humans [25] . Selection of the proper animal model is critically dependent on the type of molecular or pathophysiological question asked. The authors limit this review to the use of rodents as animal models for human brain injury as studies in rats and mice allow for the mechanistic analysis of recovery processes that is the focus of this survey. When making comparisons among studies, differences in pathology and behavioral tests among strains of mice and rats, after TBI, should be considered [26, 27] .
While cellular processes are similar in the rodent and human brain, there are some striking differences that should be noted. First, the rodent brain is not gyrencephalic, with sulci and gyri, like the human brain. Instead, its cortex is smooth, or lissencephalic. Second, regional brain proportions and positions, connectivity between brain areas and percentages of gray and white matter are markedly different in the rodent versus the human brain. While the physiologic relevance of these differences with respect to human brain injury is not known, the reproducibility of currently used injury models and the generation of data that correlate with many aspects of the human condition support the continued use of rodents in modeling TBI.
Performing & assessing brain injury in rodents
The relevance of different TBI models can be determined by drawing parallels between findings in the human disease process and in different animal experimental models [8] . TBI models are designed to mimic human physiological and pathological conditions with brain injury [25] . A complete discussion of each of the models of TBI is beyond the scope of this article, and the authors refer the reader to three excellent papers for in-depth review [25, 28, 29] . Briefly, the most commonly used methods of TBI in experiments reviewed here are direct impact models using penetrating injury with direct contact to the brain or nonpenetrating head injury where the skull remains intact [28] . There are also models of indirect injury, such as blast wave (explosion) injury [30] . Of note, in all these studies the animals are anesthetized to ensure the ethical use of animals in research.
The most commonly used model of direct TBI is fluid percussion injury (FPI) method through a craniotomy. The FPI model causes injury by a piston striking a reservoir of fluid to the surface of intact dura, creating a fluid pressure pulse. Using FPI models in rodents, animals develop: brain edema; intra cranial hemorrhage; neuronal loss; and expansion of injury to other brain regions, including the hippocampus, by 1-week postinjury [31] . Apart from neuronal loss, axons of the remaining neurons are swollen. Synaptophysin, a presynaptic vesicle marker, accumulates at synapse terminals, although the overall level of synaptophysin does not change [32] , indicating changes in the cellular trafficking of synaptic proteins. In addition, there is significant spine density loss in the cortex and the dentate gyrus of the hippo campus 24 h after FPI, which provides histological evidence for synaptic dysfunction after TBI [33] . After FPI, animals develop lasting impairments in learning and memory as in humans with brain injury [13, 34] .
The controlled cortical impact (CCI) model causes injury by a direct impact from a piston to the surface of the intact dura through a craniotomy. An advantage of CCI over FPI is greater control over injury parameters [35] . The histopathology that develops with FPI also develops post-CCI, including significant loss of dendritic spines [12] . Furthermore, because of the fine control over the severity of injury, there is a measurable graded change in pathology and cognitive functions that directly correlates with the degree of CCI [36] .
Nonpenetrating injury models mimic closed head injuries. Blast injury models are employed as military personnel are exposed to injury sustained with detonations [30] . With blast injury models, anesthetized animals are typically placed in a compression-driven shock tube. Weight-drop models mimic concussions and a focal blunt head injury is delivered by a weight dropped from a standard height onto the anesthetized animal's intact skull. Both models cause CNS pathophysiology and behavior changes in animals that resemble those found in humans [37] .
Different types of brain injury: similarities between models of ischemic stroke & trauma
Much of the cellular and molecular studies on elevated intracranial pressure, hemorrhage and neuronal tissue injury (as seen in TBI) are derived from experimental work from models of cerebral ischemia after stroke [9] . The initial mechanisms of injury for the two types of complex disease processes of stroke and TBI are very different, but there are striking similarities with respect to subsequent pathophysiology.
Stroke, most frequently caused by a therothrombotic disease of arteries, results in severe and acute decreases in blood flow to brain tissue [38] . Ischemic injury to neurons ensues because they do not store alternative energy sources; metabolic imbalance quickly follows. With metabolic stress, there is failure of membrane ionic pumps and cellular swelling results. Cellular/axonal swelling is detrimental, causing increases in intracranial pressure and further decreases in cerebral blood flow. Focal brain ischemia, which occurs in ischemic stroke in humans, can be modeled by occlusion of the middle cerebral artery (MCAO) in rodents [39] . The cellular pathology and physiology that result from this model of cerebral ischemia include: elevated intracranial pressure; neuronal loss; axonal swelling; accumulation of synaptophysin at synapse terminals; and importantly, a marked loss of synaptic spines directly related to the severity of ischemic injury [40] . In this review, we will include studies on models of cerebral ischemia and cell adhesion molecules because of the similarities between injury caused by ischemia and trauma on the cellular level.
Cell adhesion molecules in brain injury & recovery
Even though TBI consequences are highly heterogeneous on a macroscopic scale, the shared molecular and cellular alterations suggest that general points of intervention exist. Specifically, changes in the types of transmembrane proteins that serve as neuronal adhesion molecules, as described below, have been measured in models of brain injury ( Table 1) . The alterations of cell adhesion and signaling molecules in response to injury point to the potentially important roles they may play in postinjury pathophysiology and recovery (Figure 2 ). Beyond the scope of this review are non-neuronal vascular and glial cell adhesion proteins, extracellular matrix adhesion proteins and a variety of secreted proteins that have been implicated in TBI-associated changes in histopathology, physiology or behavior in animals. We refer the reader to two excellent papers on these classes of proteins [41, 42] .
Plexins/semaphorins/neuropilin signaling complexes
Plexins are a family of transmembrane molecules present in neurons that function as signaling receptors together with the coreceptors neuropilin-1 and -2 [43] . The primary ligands of plexins are semaphorins, including soluble and transmembrane forms of the protein family [43, 44] . This group of signaling molecules is implicated in a variety of important functions, including but not limited to axon guidance, axonal pruning, spine morphogenesis and the restriction of synapse formation [45, 46] . All three molecule families, plexins, neuropilins and semaphorins, have been implicated in recovery after brain injury.
The role of semaphorins in brain injury and recovery in the adult mammal is only starting to be revealed. In a functional study by Pekcec et al., adult mice were subjected to MCAO injury, and 7 days later were treated with the soluble neuropilin-1 ligand, semaphorin 3A, which was injected into the striatum [47] . A total of 7 days after semaphorin 3A treatment, measurement of cortical injury volume showed that semaphorin 3A treatment causes an approximate 50% increase in tissue injury volume compared with controls. Tentatively, these results indicate that elevated semaphorin 3A negatively impacts recovery after cerebral ischemia and brain injury. Consistent with the disease relevance of this result, another study employed a more severe model of cerebral ischemia, the four vessel occlusion model, and found a significant upregulation of semaphorin 4C in both the dentate gyrus of the hippocampus and the sub ventricular zone at 7 and 14 days postinjury [48] . This increased expression returned to normal in the hippocampus or even decreased compared with controls in the subventricular zone by 30 days postinjury. While it is unclear if this increase is beneficial or detrimental postinjury, these data support the hypothesis that semaphorins are playing a significant role in the days after TBI. Besides those discussed here, few current functional studies on semaphorins after brain injury exist; however, functional studies on semaphorins after spinal cord injury have already been performed. Kaneko et al., performed complete transection of spinal cords of adult rats, and treated the postlesioned cord with intrathecal semaphorin 3A inhibitor for 4 weeks after injury [49] . Treatment with the semaphorin 3A inhibitor not only increased axon regeneration, but also improved functional recovery as measured by hind limb movement after cord transection.
A role for the semaphoring coreceptor, neuropilin, in recovery after injury was supported by a second MCAO study. Whitehead et al. measured neuropilin-1 in the ipsilateral and contralateral cortices of adult mice and found that neuropilin-1 was elevated by 1-h postinjury and remained elevated at 6-h postinjury compared with the contra lateral cortex and sham animals [50] . However, by 24 h, the levels were returned to sham-operated levels, although it did appear that the ipsilateral cortical levels remained slightly elevated above the contralateral side at that time point. Neuropilin-1 is involved in axon guidance and pruning during brain development. Considering the potential contribution of proteins that serve in axonal development to the recovery after TBI, one may therefore speculate that regulating signals for axonal pruning may be important immediately after injury of the adult brain.
Neuropilin-2 has also been shown to regulate axonal guidance and pruning in the hippocampus [46] . Svetlov et al. employed various blast injury paradigms in adult rats and measured the levels of neuropilin-2 both in the hippocampus and in serum at 1 and 7 days postinjury [51] . They found that neuropilin-2 protein amounts were increased in the hippocampus compared with naive animals at both 1 and 7 days. Neuro pilin-2 was also increased in the serum at 1 and 7 days, indicating that compromise of the blood-brain barrier soon after blast injury may allow the measurement of neuropilin-2 in the serum and allow for its use as a biomarker of TBI. It needs to be noted that plexin A3 mRNA was reported to be decreased at 4 and 24 h after CCI in the ipsilateral hippocampus. While changes in mRNA do not linearly track changes in protein expression, this indicates dynamic changes in the molecular composition of these signaling complexes after TBI that can involve up-and down-regulation of its components.
Taken together, these results indicate that this group of important proteins, plexins, neuropilins and semaphorins, plays a role in both the acute phase 24 h after injury, and the recovery phase 7-14 days after injury.
Neural cell adhesion molecule and polysialyated neural cell adhesion molecule
Neural cell adhesion molecule (NCAM) is a transmembrane cellular adhesion protein, with its extracellular portion composed of immunoglobulin-like domains for binding [17] . NCAM can be enzymatically modified by the addition of large polysialic acid (PSA) carbohydrate moieties to an extracellular immunoglobulin domain to generate PSA-NCAM [52] . NCAM binds homophilically and it also binds other cell adhesion molecules (heterophilic binding), while the PSA modification interferes with adhesion. NCAM and PSA-NCAM are involved in proper neurite outgrowth and network connectivity in the developing rodent brain [53, 54] .
PSA-NCAM also plays a role in recovery after TBI. Emery et al. performed moderate FPI in adult rats and measured PSA-NCAM-positive neurons in the dentate gyrus of the hippocampus at specific time points after injury [55] . They found a fourfold increase in the number of PSA-positive neurons at 48-h postinjury compared with uninjured control animals. PSA-positive neurons remained elevated at 2-weeks postinjury. At 1-month postinjury, the number of PSA-NCAM-expressing neurons had returned to control levels. This surge in PSA-NCAM-expressing neurons indicates that this surface protein may contribute to cellular remodeling in the hippocampus after brain injury. Similarly, Budinich et al. performed an extensive study on PSA-NCAM after brain injury in adult mice [56] . Their results in a CCI model confirm that PSA-NCAM is increased in the ipsilateral cortex and hippocampus at 1-week postinjury, and this persists up to 3 weeks.
An increase in PSA-NCAM also occurs postinjury in the middle cerebral artery occlusion model. Cerebral ischemia caused an increase in neuronal expression of PSA-NCAM in the cortex of rats at 1-h postinjury and PSA-NCAM remained elevated for at least 3 days postinjury [57] . Given the consistent increase in PSA-NCAM across three models of brain injury, it is possible that this upregulation is a general physiologic response to injury. More studies need to be undertaken, perhaps on conditional knockout mice lacking NCAM-or PSA-modifying enzymes, to understand the consequences of dysregulation of these adhesion molecules and their post-translational modification in brain injury.
Of note, NCAM-dependent responses to injury may not only include cellular remodeling, but also effects on neuronal migration. Decker et al. showed that in both NCAM-deficient mice and in PSA-depleted mice there is an enhanced migration of neuronal progenitor cells to the site of lesions [58] . Furthermore, Battista et al. reported that PSA depletion causes increased recruitment and migration of neuroblasts to sites of injection [59] . Together, these studies support the idea that PSA-NCAM contributes to promoting recovery after brain injury.
Eph receptors & ephrins
Eph receptors are transmembrane receptor tyro-sine kinases that bind ephrins [60, 61] . This signaling system has roles in axon guidance and regulation of synaptic function by modulating dendritic spine formation and synaptic strength [19, [60] [61] [62] . Owing to the accumulation of Ephs and ephrins at lesions of the CNS, they were hypothesized to regulate recovery of neuronal function after injury [63, 64] .
Indeed, two separate studies using models of cerebral injury and ischemia have reported changes in Ephrin/Eph levels. Li et al. used a four-vessel occlusion model of cerebral ischemia in adult rats and measured Ephrin3A and EphA4 protein levels in the CA1 region of the hippocampus [65] . Ephrin3A increased by approximately 2.5-times and EphA4 more than tripled at 6 h, and both remained elevated at 24 h. In this same study, neuronal cell death was measured in the hippocampus 72 h after ischemic injury, and the authors found that using an EphA4-blocking antibody, they were able to attenuate apoptosis. However, Doeppner et al. showed that loss of EphrinB3 in mice results in a significant increase in ischemic injury after MCAO [66] . This apparent difference in outcome to the block of EphA4 function may reflect the different biological roles of these proteins. Furthermore, there is enhanced neurogenesis after MCAO in EphrinB3-knockout mice [66] . These results indicate that improved neurogenesis after injury may worsen functional outcomes.
Interestingly, a report on human brain tissue after TBI showed an upregulation of EphA4 density by immunohistochemistry that seemed to predominate in GFAP-positive astrocytes [67] . Furthermore, phospho-EphA4 was upregulated in a time-dependent fashion after injury, indicating signaling changes in disease. This study implicates EphA4 in glia as a potential mediator of plasticity after brain injury in humans.
Biervert et al. used a rat model of subdural hematoma, which frequently occurs with TBI, to survey mRNA levels of different Eph isoforms in the cortex of injured rats [68] . They found that mRNA for EphB1 was increased at 7 days, but trended toward normal by 18-and 28 days postinjury. These findings indicate that therapeutics targeting this signaling pathway may be of value in treating tissue injury after the development of subdural hematoma.
Theus et al. showed that after moderate CCI in adult mice, EphB3 expression in the subventricular zone decreased; this was paired with an increase in cell proliferation in the same area [69] . In this same study, after moderate CCI in EphrinB3-or EphB3-knockout mice, there was an increase in stem cell proliferation, indicating that Ephrins and EphB3 may be involved in cell death regulation, and repair and regeneration after TBI. While the models of injury are different in these studies described, each show alterations in the Eph/ ephrin signaling pathway, indicating that these molecules are involved in recovery after injury.
Neurexins & neuroligins
Neurexins are presynaptic adhesion molecules at excitatory and inhibitory synapses of the CNS [19, 70, 71] . The binding of neurexins to different partners across the synaptic cleft, such as neuroligins, guides the maturation of excitatory and inhibitory synapses. Based on these findings, it is plausible to test for changes in neurexins and neuroligins with neuronal repair and remodeling after brain injury. Indeed, two groups employed gene array technology to measure changes in multiple potential targets in the hippocampus and cortex after a moderate to severe brain injury [72, 73] . Both studies utilized the CCI model of TBI, and found that neurexin 1-β mRNA is decreased after 24 h. Brain injury may not only alter the expression of adhesion molecules but also impact their extracellular interactions as indicated by a study of Li et al. [74] . This study provides evidence of a rapidly increased interaction between neurexin and neuroligin-1 in a model of cerebral ischemia.
Cadherins
Cadherins, specifically N-cadherin, are a family of abundant cell adhesion molecules in the brain. N-cadherin is a transmembrane glycoprotein that spans the synaptic cleft presynaptically to bind homophilically to postsynaptic N-cadherin. N-cadherin is involved in synapse maturation and remodeling once synapses are formed [75] [76] [77] .
Using either unilateral entorhinal cortex injury or a combined FPI with bilateral entorhinal cortical lesions, Warren et al. measured N-cadherin levels after recovery [78] . They showed that 2 and 7 days postinjury, N-cadherin protein is decreased in the ispilateral rat hippocampus in animals with only entorhinal cortical lesions. At 15 days, this decrease is reversed, with N-cadherin increasing by approximately 25%. In the injury model employing both FPI and entorhinal cortical lesions, N-cadherin is also decreased at 2 and 7 days postinjury and its level returns to baseline after this injury, without a subsequent increase. These results suggest that N-cadherin is involved in recovery after TBI, and that this protein may play different roles in synaptic modulation after injury. N-cadherin also plays a role in ischemic injury. Using an MCAO model of cerebral ischemia, Jang et al. delivered a 1-h ischemic injury to the rat brain, followed by reperfusion; the experimenters measured N-cadherin in the cortex 24 h postinjury [79] . They found that there was a significant increase in the extracellular cleaved portion of N-cadherin, but not total N-cadherin, on the ipsilateral side of injury. The authors speculate that in the intact, injured animal brain, cleavage of N-cadherin may be critical for repair of damaged neurons and for neuronal plasticity in recovery after ischemic injury or trauma. Warren et al. found that there were decreases in full-length N-cadherin after 2 days postinjury, which could be linked to this increase in the extracellular portion reported by Jang et al. and agrees with the possibility that rapidly increased proteolytic processing of N-cadherin occurs after injury [78, 79] .
Other potential adhesion molecules as targets in TBI
It is likely that other molecules involved in neuronal cell adhesion, synaptogenesis and synaptic remodeling are critical in recovery after TBI. Specifically, adhesion proteins that are targets of matrix metalloproteinases may be involved in synapse reorganization and recovery after brain injury [78] . In experiments on N-cadherins described above, Warren et al. measured the increase of a matrix metalloproteinase, ADAM-10, for which N-cadherin is a substrate. ADAM-10 levels were elevated at 2 and 7 days postinjury (MCAO) during the same period when N-cadherin was decreased [78] . These results suggest an important role for matrix metalloproteinases in neuronal surface remodeling and point to roles of other metalloproteinase substrates after TBI. Therefore, it may be beneficial to specifically study other substrates of ADAM-10 and matrix metalloproteinases, including the synapseinducing adhesion proteins SynCAM1 and -2 [80] . SynCAM1 stabilizes nascent synaptic contact sites [81] , and elevated SynCAM1 increases functional excitatory synapse number in the mature nervous system, while loss of SynCAM1 decreases the number of excitatory synapses [82] . The fact that SynCAM1 can also be modified with PSA may contribute to the effects of PSA removal on neuronal recovery [83] . Although no studies on brain injury have specifically examined alterations in SynCAMs, there have been studies on motor neuron injury in the spinal cord. Zelano et al. showed that SynCAM1 expression decreased after motor neuron injury prior to synapse loss and then increased prior to the formation of new synapses in recovering neurons [84, 85] . This indicates that SynCAM1 may play roles in neuronal recovery after injury.
Conclusion
This review assesses current brain injury models and the value of neuronal and synaptic cell adhesion molecules as potential targets for future therapeutics. The use of models such as FPI and CCI are critical for our understanding of the cellular, molecular and physiologic events that occur with TBI far away from the actual injury site. These models allow for exquisite control over injury parameters such as animal type, injury severity, days post injury and brain regions studied. From the data reviewed here, the common theme emerging is that brain injury can cause significant changes in the expression and processing of neuronal surface proteins, including those that are present at synapses. These cell adhesion and signaling molecules are likely to be critical in the wave of neuronal and synaptic remodeling that must occur for individuals to recover after brain insult. While further studies are warranted to determine the potential of these synaptic adhesion molecules as therapeutic targets, these results support the hypothesis that proteins that organize developing synapses also have roles in the recovery of adult neurons after injury. Of particular interest will be to test whether the signaling pathways downstream of these molecules can be targeted to improve outcomes in humans after TBI [21] .
Future perspective
The investigation of neuronal adhesion molecules in human brain injury is in its early stages. While there are multiple studies referenced here that touch upon their expression after experimental TBI, the functional contributions of these molecules to neuronal recovery or functional recovery remain to be defined. While few such studies in TBI are available, there are at least two functional studies in spinal cord injury that implicate cell surface molecules that mediate neuronal signaling in functional recovery after injury. First, as mentioned above, Kaneko et al. show that Semaphorin 3A inhibition improves spontaneous limb movement 14 weeks after spinal cord transection [49] . Second, Goldshmit et al. show that blocking EphA4 after spinal cord hemisection improves walking, climbing and grip strength in animals 6 weeks after injury [86] . Clearly, functional studies after TBI are needed, especially considering the repeated failures of less specific types of therapies that have been trialed in human medicine [7, 24, 87] .
One important benchmark for future work will be to gain insight into the relationship of cell adhesion molecules and their roles in synaptic remodeling after injury. Moreover, while general studies on cognitive deficits and post-traumatic epilepsy in animal models are available, the role of cell adhesion molecules in these sequelae remains to be addressed. An important consideration is that most studies of animal pathophysiology and behavior are limited to periods ranging from 1 day to 2 weeks of injury, with maximum time courses extending out to 1-2 months. However, cognitive deficits and post-traumatic epilepsy are present at months and very often years after the primary injury. Therefore, studies that extend several months in animals will allow us to better understand the roles of cell surface interactions in recovery.
In terms of potential therapeutic strategies and interventions, the data presented here inspire multiple ideas. As described above, there are already two potential inhibitors for semaphorin 3A and EphA4 that have been employed in spinal cord injury. These compounds could now be used in one of the models of TBI presented above to determine whether these are effective compounds for treatment. In addition, blocking antibodies for adhesion proteins such as Syn-CAM1 are commercially available and have the potential to be therapeutics. As shown by Decker et al., compounds that remove PSA could also be employed in models of injury to test whether functional outcomes are improved [58] .
While compounds targeting adhesion and signaling proteins are exciting potential therapeutics, one also must consider other mechanisms of therapy after brain injury that have been shown to improve outcomes after TBI, notably environmental enrichment [88] . The mechanism by which environ mental enrichment improves outcomes after injury is not known, but may involve the remodeling of synaptic connectivity [89] , and it is likely that cell adhesion molecules, such as PSA-NCAM, are playing a role [90] . Therefore, a more complete survey of adhesion proteins after TBI in the setting of environmental enrichment to improve outcomes is warranted.
The list of cell adhesion proteins, which may be critical players in recovery after brain injury, is probably incomplete. Furthermore, molecules that perform post-translational modifications or proteolytic processing of these membrane proteins may be important as well. As described above, data suggest an important role for matrix metalloproteinases in neuronal surface remodeling and point to roles of other metalloproteinase substrates in injury response. We suggest these may be among the targets upon which to focus in studies on TBI.
Together, functional studies can now test the emerging theme that neuronal adhesion proteins that guide developmental processes may be involved in injury and recovery responses of neurons in the adult brain. The progress reviewed here allows us to address important new questions. These questions include whether cell adhesion molecules are cleaved in the acute phase of brain injury as damaged cells, whether tissues undergo remodeling and to what extent synapse-organizing adhesion and signaling proteins contribute to the restoration of neuronal connectivity in later stages.
Executive summary
Traumatic brain injury has few specific & targeted therapeutics
• Multiple clinical trials have been executed, and while a few have shown promise, many have failed to show benefits for post-traumatic sequelae.
• Cell adhesion molecules may represent a novel class of therapeutic targets to improve outcomes after brain injury.
Cerebral edema occurs with middle cerebral artery occlusion in a similar manner to that of traumatic brain injury
• Occluding the middle cerebral artery in rodents is a model for ischemic stroke, and postischemic pathophysiology develops in a manner similar to traumatic brain injury (TBI), including edema, increased Intracranial pressure and changes in synaptic markers.
Cell adhesion & signaling molecules are potential targets for improving neurologic deficits after TBI
• Based on various models, time points and brain regions, there are significant alterations in proteins from one of five groups: plexins, neural cell adhesion molecule, ephrins, neuroligins/neurexins and N-cadherins. These results have implications for synaptic plasticity and neuronal recovery after injury.
Conclusion
• The cell surface proteins described here and their signaling pathways are potential targets for the development of novel therapeutics that could improve neurologic deficits after TBI.
Future perspective
• More complete studies of the cell adhesion and signaling molecules described in this article are needed.
• Future studies should include more chronic phases of TBI recovery and should include behavioral studies as functional measures for improvement after TBI.
• A more complete survey of the importance of other types and classes of cell adhesion molecules in TBI is needed, and the possibility of cell adhesion molecules as therapeutic targets after TBI is warranted. Overview of results from experiments reviewed, including summary of molecules studied, injury type and time course. Future Neurol. Author manuscript; available in PMC 2014 July 01.
